Abstract The realisation that adult somatic cells can be reprogrammed into pluripotent cells is revolutionising the way diseases are researched and is set to transform the way diseases are treated. In recent years the use of induced pluripotent stem cells (iPSC) in dentistry has begun to be investigated. Whilst this work is still in its infancy, iPSC are demonstrating great potential for use in the regeneration of dental tissues. In this review we will provide a brief introduction to the properties of iPSC and their potential application as therapeutic agents to enhance medical research. Furthermore, this review will summarise recent developments in the use of iPSC in dental tissue regeneration.
Introduction
Induced pluripotent stem cells (iPSC) were first generated through groundbreaking work performed by Yamanaka and colleagues in 2006. Their work revealed that somatic or terminally differentiated cells could be reprogrammed back into a pluripotent state through forced expression of a cocktail of transcription factors [1] . In 1962 John Gurdon first discovered that specialisation of cells was reversible; however, it took a further 44 years to identify the specific factors required for the initiation of this process. The revolutionary extent of Yamanaka's and Gurdon's work was acknowledged by the Noble prize award in Physiology or Medicine in 2012. It has been suggested that iPSC technology will accelerate our understanding of human diseases by developing models of genetic disorders, as a tool for studying developmental biology, drug discovery and the potential for genetic engineering utilising stem cell based regenerative therapies.
The Development of iPSC iPSC were first generated from mouse embryonic fibroblasts and adult tail tip fibroblasts through forced expression of four transcription factors: Oct3/4, Sox2, c-Myc and Klf4 [1]. Independent research performed by Thomson and colleagues ascertained a different cocktail of transcription factors, OCT4, SOX2, NANOG and LIN28, which were capable of reprogramming human foreskin fibroblast and human lung cells to a pluripotent state [2] . Pluripotency is defined by the ability of a cell to give rise to all lineages of the mature organism under the correct stimulus.
The discovery of iPSC has been heralded as having the potential to revolutionise human medicine. The high proliferative capacity and the ability of iPSC to differentiate into all tissue types in the body has introduced the possibility of "persionalised medicine", whereby a patient's own cells could be used to provide biologically compatible cells or tissues for tailored treatments. Whilst the use of patient-specific iPSC would be advantageous to avoid possible rejection in tissue regeneration procedures, the high cost and the lengthy time frame involved in generating iPSC from an individual patient mean that patient-specific iPSC are unlikely to be feasible on a wide scale. However, Nakatasuji et al. have estimated that as few as 50 unique iPSC lines, which are homozygous for the three HLA loci, will be sufficient to provide a perfect HLA match to 90% of the Japanese population [3, 4] . Therefore it is more realistic to think that iPSC banks will be used to treat patients with HLA-matched donor iPSC rather than iPSC generated from their own tissues.
Whilst iPSC hold vast potential to revolutionise human medicine, major concerns need to be addressed before they can be considered for use in mainstream treatment approaches.
Their genomic instability, high proliferative capacity and pluripotency support tumour formation in vivo and as such present as fundamental limiting factors in iPSC utilisation. Numerous strategies are being investigated to minimise the carcinogenic properties of iPSC.
One area where advances have been made to minimise the tumorigenicity of iPSC is in the method of transcription factor delivery. In the original protocols used to generate iPSC, integrating viruses were used [1, 2]. These integrating viruses permanently integrated the exogenous transcription factors into the gemone [1, 2] and this integration has been associated with tumour development. Researchers have successfully used nonviral and non-integrating approaches such as non-viral minicircle vectors [5] , small molecules [6] , excisable lentiviral cassette [7, 8] , protein [9] , microRNA [10, 11] and synthetic modified mRNA [12] to generate iPSC. Whilst these approaches are considered safer than the traditional protocols for generating iPSC, issues still remain with regard to the presence of residual undifferentiated iPSC from cultures as they can uncontrollably proliferate and form teratomas in vivo.
In terms of regenerative therapies involving iPSC, it is most likely that the iPSC will be differentiated into lineage-specific progenitor cells or mature cell populations prior to implantation into patients in order to form the required functional tissue in vivo. There is however major concern in terms of cell therapies with regard to the presence of residual undifferentiated or partially differentiated cells that could give rise to tumours. Strategies have been suggested and are being investigated to address this issue. These strategies involve the use of suicide genes or chemotherapy to remove teratomas or any cells that go rogue after implantation [13, 14] . Alternatively cell-sorting methods to remove undifferentiated or teratomaforming cells using specific antibodies are being investigated [15, 16] .
The tumorigenic potential of iPSC or cells derived from iPSC remains a genuine concern for any potential use of iPSC in regenerative therapies; however, the growing number of positive results obtained from iPSC-based cell therapy in preclinical animal models displays the vast potential of these cells and demonstrates the importance of continuing to interrogate and address these safety issues.
Potential of iPSC to Aid Medical Research
The two main areas where iPSC are set to aid medical research are identified as first a novel research tool for modelling diseases and second potential new treatment approaches.
iPSC Based Research Models
It is becoming clear that iPSC are emerging as an invaluable tool for understanding the processes and pathways involved in diseases. Traditionally animal models (in particular rodent models) have been used to study human diseases; however these models do not always replicate the phenotype displayed in humans. A lack of adequate models of diseased and normal tissue function has limited our understanding of human development and disease pathogenesis.
iPSC technology allows disease-specific stem cells to be produced from affected individuals and healthy relatives. Furthermore disease-specific stem cells can, in theory, be differentiated into the cell types affected by the disease, allowing for enhanced interrogation of a genetic defect or disease on the relevant cell type. It is hoped that by better understanding the processes and pathways involved in a disease scientists will improve their ability to generate novel or improved therapies to treat the disease.
Numerous disease-specific iPSC lines have been generated successfully, including but not limited to diseases affecting the neuronal system [17] , immune system [17, 18] , blood [19, 20] , heart [21, 22] and pancreas [17, 23] . More specifically iPSC-based disease models with robust in vitro disease phenotypes have been generated from a range of monogenic diseases including, but not limited to, spinal muscular atrophy (SMA) [24] , long QT syndrome [21, 22] , various models of liver disease (such as familial hypercholesterolaemia, glycogen storage disease type 1A and α1-anti-trypsin deficiency [25] ) as well as various neurological disorders (including fragile X syndrome [26] , Rett syndrome [27, 28] , Dravet syndrome [29] , schizophrenia [30] and Parkinson's disease [31] ). Whilst the use of disease-specific iPSC is still in its infancy, positive results have already been generated. One of the early examples of the usefulness of disease-specific iPSC was derived from patients with familial dysautonomia (FD) [32] . FD is a progressive neurodegenerative disorder caused by mutations in the IKBKAP gene. iPSC generated from FD patients express multiple disease-specific phenotypes including decreased expression of IKBKAP in FDiPSC-derived neural crest cells [32] . Furthermore, neuronal differentiation of FD-iPSC identified defects in neurogenesis and migration in neural crest-derived cells [32] . These results revealed new insights into the disease pathogenesis of FD and expose new mechanisms that could be targeted in future therapies.
The Use of iPSC to Treat Diseases
In addition to the use of iPSC as research models, iPSC also have vast potential for use in the treatment of diseases. Three main applications of iPSC are being investigated with regard to their use in diseases treatment; these are to aid in the discovery of novel therapeutic drugs, genetic correction of mutant genes and as stem cell populations for tissue regeneration.
Utilisation of iPSC for Drug Discovery Screens
Disease-specific iPSC that display a measurable disease phenotype in vitro present significant potential to be utilised as a cell source for large-scale drug discovery screens. Recently, Lee et al. have successfully utilised disease-specific FD-iPSC to identify candidate drugs that could have therapeutic potential in affected patients [33] . The authors utilised neural crest precursors derived from iPSC from FD patients to screen 6,912 small molecules for their ability to rescue the expression of IKBKAP in these cells [33] . Their screen identified eight molecules that had the ability to increase the expression of IKBKAP; these molecules are now being assessed for their suitability for clinical use [33] . This study demonstrates the feasibility of using iPSC in drug discovery.
Genetic Correction
iPSC have been hailed as a potential cure for genetic and degenerative diseases through genetic correction, whereby, defective genes can be replaced in disease-specific iPSC as a treatment approach. The potential of this approach was first demonstrated in a proof of principal study in a mouse model of sickle cell anaemia [34] . Hanna et al. demonstrated that implantation of genetically corrected iPSC-derived haematopoietic progenitor cells improved the haematological and systemic parameters of sickle cell anaemia-affected mice to levels comparable with control (non-diseased) mice [34] . Alternatively, genetic correction can be performed on somatic cells prior to being reprogramed to iPSC, as has been demonstrated in Fanconi anaemia (FA) [35] . In this study somatic cells isolated from patients with FA underwent genetic correction before being used to generate iPSC [35] . The resulting corrected Fanconianaemia-specific iPSC were found to be indistinguishable from ES and iPSC from healthy individuals. Importantly the corrected Fanconi-anaemia-specific iPSC gave rise to phenotypically normal and disease-free haematopoietic progenitors [35] .
Cell Regeneration
It is proposed that iPSC have the capacity to treat diseases involving the loss of cellular function or cellular deficiency; hence iPSC could be used to generate replacement cells for implantation into affected patients. Due to the issues regarding the tumorigenicity of iPSC and their derivatives, which have been discussed above, this area of iPSC research is not as advanced as others. The effectiveness of iPSC in cellular regeneration in humans will rely on efficient differentiation of iPSC into a required cell type, cell purification to remove partially differentiated and potentially tumorigenic cells, and finally ascertaining effective delivery methods and/or appropriate scaffolds for delivering the cells to the required site. Whilst the efficacy and safety of iPSC therapies have yet to be demonstrated, a recent study has reported the use of iPSC to aid bone regeneration in critical-sized calvarial defects in rats [36] . In this study, iPSC were cultured on polymeric nanofibrous polyethersulfone (PES) to support the proliferation and osteogenic differentiation of the iPSC in vitro. Subsequent implantation of the iPSC and PES scaffold into calvarial bone defects resulted in enhanced bone regeneration [36] . This study demonstrates the potential held by iPSC in aiding bone regeneration; however, the issue of un-differentiated iPSC is not addressed and would be of concern in translating this work to human patients.
With the few examples discussed here it is evident that iPSC have a vast potential for aiding current protocols in human disease treatment and research.
iPSC and Dentistry
Numerous dental tissues have successfully been used to generate iPSCs, including; human exfoliated deciduous teeth [37•] , dental pulp stem cells [37•] , stem cells from apical papilla [37•] , oral mucosa [38] , third molar mesenchymal stromal cells [39] , dental pulp [40] , periodontal ligament fibroblasts [41, 42] , gingival fibroblasts [41, 43] and immature dental pulp stem cells [44] . A comparative study conducted by Yan et al. (2010) reported that iPSC could be generated more efficiently from dental-derived mesenchymal-like stem cells than other somatic cells such as foreskin fibroblasts, skin fibroblasts and adult MSCs [37•] . Dental-derived stem cells are an attractive source of somatic cells for iPSC generation as their multipotency, high proliferation rates and relative accessibility make them ideally suited for iPSC generation. Furthermore dental pulp cells (DPC) have been identified as an ideal cell source for generating iPSC for cell banking [40] as DPC can easily be obtained from third molar teeth (wisdom teeth), which are routinely extracted from patients.
As greater insight is gained in the capabilities and characteristics of iPSC it is becoming apparent that not all iPSC are equivalent. A number of studies have demonstrated that iPSC retain epigenetic memory of their former tissue type and that this memory can affect the differentiation potential of iPSC [45, 46] . The epigenetic memory of iPSC is believed to result in iPSC preferentially differentiating back into their tissue of origin. The use of dental-derived iPSC could therefore be advantageous for dental tissue repair.
The Efficacy of iPSC in Dental Tissue Regeneration

Differentiation of iPSC into Dental Mesenchymal Cells and Tooth Structures
Regenerative dentistry is an emerging field of dental research that investigates the use of stem cells for tissue engineering.
There are many aspects of dentistry in which the current therapeutic options fail to consistently and reliably treat patients. Tissue engineering is being considered as an alternative option to overcome shortcomings in a range of dental areas including periodontics, endodontics and maxillofacial surgery. In recent years adult stem cells have demonstrated their capacity to regenerate a range of dental structures and even whole teeth [47] . However, the lack of accessibility of adult stem cells is a major roadblock to translating their regenerative potential into novel clinical treatment strategies. This is where iPSC could play a major role in dentistry as they have a limitless expansion capability and would be able to provide the stem cell numbers required for use in tissue regenerative procedures in patients. Whilst there has been a lot of research into the regenerative potential of adult stem cells, the regenerative potential of iPSC as applied to dentistry is a newly emerging field of research, with the first studies being published in the last few years.
The first indication that iPSC had the capacity to differentiate into dental tissues came from Arakaki et al who demonstrated that co-culture of mouse iPSC (miPSC) with dental epithelium lead miPSC to differentiate into ameloblasts [48•] . Epithelial-mesenchymal interactions are important interactions in tooth development as they regulate the growth and morphogenesis of teeth. Arakaki et al. investigated the potential of miPSC as a novel source of mesenchymal cells for tooth development. Co-culture of miPSC with epithelial cells resulted in the formation of cells with an epithelial-like morphology that expressed the epithelial cell markers, p63 and cytokeratin-14 as well as the ameloblast markers, ameloblastin and enamelin [48•] . Ameloblasts are an essential cell population required for tooth development as they are involved in enamel formation. These results demonstrated that miPSC have the ability to differentiate into an odontogenic cell fate when co-cultured with dental epithelial cells [48•] .
More recently, it was shown that miPSC can differentiate into dental mesenchymal cells (DMC) [49] . Otsu et al. differentiated miPSC into an intermediate population of neural crestlike cells (NCLC) then assessed the potential of the miPSCderived-NCLC for generating dental tissues. NCLC were selected as the intermediate cell type as mesenchymal cells derived from cranial neural crest (NC) cells interact with the dental epithelium during tooth development and this interaction leads to tooth formation [50, 51] . NC cells are critical for tooth organogenesis as they contribute to the formation of dental mesenchymal cells, which subsequently differentiate into dentin-secreting odontoblasts [52] . When cultured with dental epithelial cells miPSC-derived-NCLC differentiated into cells expressing the DMC markers, Lhx6, Msx1 and Pax6 as well as the odontoblast marker dentin sialoprotein (DSP) [49] , thereby demonstrating that miPSC-derived-NCLC had the potential to differentiate into odontoblast progenitor cells under appropriate stimulation. Additionally culture of miPSC-derived-NCLC in serum or conditioned media from dental epithelial cells was sufficient to enhance expression of DSP and dentin morphological protein 1 (DMP1), suggesting that serum and soluble components from dental epithelial cells were sufficient to differentiate the miPSC-derived NCLC into odontoblasts [49] . Conversely, undifferentiated miPSC cultured with dental epithelial cells did not express DSP, demonstrating that differentiation of miPSC to NCLC enhances their ability to differentiate into odontoblasts [49] . This finding highlights the potential application of using miPSC-derived NCLC as a stem cell source for tooth regeneration and tooth development research. Furthermore the miPSC-derived cells were substantially less tumorigenic than undifferentiated miPSC.
This research has been extended in vivo, where the role of miPSC in tooth tissue engineering was investigated [53] . Wen et al. established that miPSC can be induced to express gene expression profiles highly reminiscent of those of osteogenic and odontogenic genes [53] . Furthermore, it was demonstrated that miPSC had the capacity to differentiate in vivo into odontogenic cells in a recombinant tooth germ model [53] . Implantation of miPSC, in combination with epithelial and mesenchymal cells, leads to the formation of bone-like structures, dentin-like and dental pulp-like structures in some instances and in others dental-like structures [53] . Interestingly, implantation of miPSC alone did not form tooth-or bone-like structures. Alternatively implantation of epithelial and mesenchymal cells in the absence of miPSC did form tissueengineered tooth-like structures (TET); however they were irregular. Whilst implantation of miPSC alone failed to form tooth-like structures, when combined with epithelial and mesenchymal cells, they were capable of forming mature TET, which were similar to a normal tooth. Staining revealed the formation of complete new tooth structures that contained miPSC-derived cells. These results demonstrate that miPSCderived cells can differentiate into bone-like and dental-pulplike structures as well as aid tooth development [53] . These results also highlight the importance of cell-cell interactions in tissue engineering as these conditions were essential for the miPSC to display their capacity to enhance tooth regeneration [53] .
More recently human iPS cells have been assessed for their capacity to differentiate into dental tissues. Epithelial sheets derived from human iPSC are capable of differentiating into tooth structures when co-cultured with mouse dental mesenchymes [54•] . Implantation of iPSC-derived epithelial sheets with mouse dental mesenchyme cells resulted in the formation of tooth-like structures 30% of the time. The resulting toothlike structures contained dental pulp, dentin, enamel space and enamel organ. Analysis of the chemical composition and physical properties of the tooth-like structures formed revealed they were similar to regular human teeth [54•] . Assessment of human specific antigen expression demonstrated that only the epithelial components of the tooth had arisen from the implanted differentiated iPSC, whilst the dental pulp, cartilage and surrounding bone-like structures originated from the mouse dental mesenchymal cells rather than the iPSC. These findings were expected based on previous research into tooth development where it has been shown that epithelial cells give rise to enamel-forming ameloblasts while MSC form dentinforming odontoblasts and dental pulp. Once again the importance of cell-cell interactions was demonstrated as mouse dental mesenchymal cells alone resulted in the formation of bone-like structures rather than tooth-like structures [54•] . Therefore epithelial sheets derived from iPSC can function as a novel source of epithelial cells for tooth development.
Collectively, these studies demonstrate the potential of iPSC for tooth regeneration. Given that iPSC have been shown to have the capacity to act as a novel source of mesenchymal cells [48•] as well as epithelial sheets [54•] it is likely to only be a matter of time until these two capabilities of iPSC are combined and we see the first creation of an entire tooth from iPSC.
The Use of iPSC in Periodontal Tissue Regeneration
The use of regenerative dentistry is also being investigated as a novel treatment approach for periodontal disease. In the past this research has typically involved the use of MSC; recently, iPSC have also been investigated for their potential to regenerate periodontal tissues.
The first study looking at iPSC in periodontal regeneration involved the implantation of iPSC into surgically created periodontal fenestration defects in mice [55] . In this study, iPSC in combination with enamel matrix derivatives/ Emdogain gel (EMD™) were shown to enhance the regeneration of periodontal tissues [55] . EMD™ has been shown to stimulate growth of multiple MSC types and enhance expression of tissue-specific maturation markers leading to greater regeneration of periodontal tissues [56] [57] [58] [59] [60] . Implantation of miPSC combined with EMD™ into the periodontal defects resulted in significantly greater bone regeneration than in the defects treated with EMD™ alone [55] . Furthermore, defects that received miPSC and EMD™ displayed an almost intact layer of regenerated cementum and new PDL formed between the newly regenerated cementum and alveolar bone, as was not displayed in control defects [55] . This work demonstrates that miPSC have the capacity to regenerate periodontal tissues [55] .
Our research group has ameliorated this concept and furthered it by implanting MSC-like cells derived from iPSC into a rat periodontal fenestration defect model [61•] . Implantation of MSC-like cells derived from iPSC into periodontal defects in rats leads to a significant increase in the amount of regeneration and newly formed mineralised tissue present [61•] . MSC-like cells derived from iPSC are emerging as a promising stem cell population for use in regenerative medicine as they incorporate the proliferative advantages of iPSC whilst eliminating the tumorigenicity associated with iPSC [62] [63] [64] [65] [66] . Therefore iPSC-MSC-like cells are an easily accessible source of stem cells that could be used in tissue regeneration approaches to periodontitis [61•] and possibly other disorders involving the loss of dental tissues.
Conclusion
iPSC are emerging as a promising new source of stem cells for use in dental tissue regeneration with proven capacity to regenerate tooth structures and enhance periodontal regeneration. Whilst iPSC have predominantly been investigated for their capacity to regenerate dental tissue there are a wide range of other areas of dentistry where iPSC are likely to have beneficial effects in the years ahead. For example iPSC could be used to model human genetic oral diseases or disorders that involve dental defects; here the generation of disease-specific iPSC will be beneficial for investigating the mechanisms involved in these disorders and enhancing our understanding of dental tissue development. Furthermore, iPSC could be utilised in genetic correction of oral diseases and are also likely to play a role in future drug screens to identify novel drugs for dental therapies. 
